The interaction of the stinging nettle rhizome lectin (UDA) with carbohydrates was studied by using the techniques of quantitative precipitation, hapten inhibition, equilibrium dialysis, and uv difference spectroscopy.
The Carbohydrate binding site of UDA was determined to be complementary to an N,N',N"-triacetylchitotriose unit and proposed to consist of three subsites, each of which has a slightly different binding specificity. UDA also has a hydrophobic interacting region adjacent to the carbohydrate binding site. Equilibrium dialysis and uv difference spectroscopy revealed that UDA has two carbohydrate binding sites per molecule consisting of a single polypeptide chain. These binding sites either have intrinsically different affinities for ligand molecules, or they may display negative cooperativity toward ligand binding. 8 1986 Academic press, I"~.
Plant lectins are a group of (glyco)-proteins with the ability to recognize and bind specific sugar residues (1, 2) . Although most well-characterized plant lectins have been isolated from seeds, especially those of legumes, the number of plant lectins isolated from the other parts of the plant has become of increasing interest especially as it may relate to the metabolism and physiological role of these carbohydrate-binding proteins. For example, lectins were isolated and characterized from such tissues as the leaves (3, 4) , fruit (5), tubers (6) , roots (7, 8) , bark (9, lo), and rhizomes (11) of several plants.
Stinging nettle (Urtica dioica) aecumulates a lectin of very low molecular weight, Urtica dioica agglutinin (UDA,3 iVf, 8000- 9000), solely in its rhizome, a specialized stem lying below ground (12) . UDA consists of a single polypeptide chain and is a very stable protein. It agglutinates erythrocytes nonspecifically irrespective of blood group type and also induces the production of yinterferon in human lymphocytes. We report herein the detailed carbohydrate binding properties of this lectin.
MATERIALS AND METHODS
Purification of Urtica dioica agglutinin. UDA was purified from the 0.1 N HCI extract of rhizomes by affinity chromatography on chitin followed by SP-Srphadex column chromatography as previously re ported (12) .
Sugars and derivatives. n-Nitrophenyl-N-acetyl-plactosaminide was synthesized by N. Plessas of this laboratory.
Synthetic oligosaccharides Gal(Pl-Q)GlcNA@l-G)Man, penta-2,6, and hepta (structures are shown in Table I n , laminin;
which has a fucosylated N,N'-diacetylchitobiose structure similar to the core region of many N-asparagine-linked glycoproteins. Both keratan sulfate and desulfated keratan, which contain the repeating -3)Gal(/31-4)GlcNAc@l-disaccharide residue, were precipitated by UDA; however, the desulfated species showed more extensive precipitation over a wider concentration range than the parent polysaccharide. Laminin also precipitated strongly with the lectin, whereas fetuin, orosomucoid, and their asialo-derivatives did not form a precipitate with UDA over the concentration range tested. Synthetic glycoconjugates containing the N-acetyllactosamine unit [Gal(/31-4)GlcNAc], i.e., Gal(/?l-4)GlcNAc-CETE-BSA and Gal@l-4)GlcNAc@l-2)-Man-BSA, were not precipitated by the lectin.
Inhibition of Precipitin Reaction by Haptenic Sugars
To characterize the carbohydrate binding specificity of UDA, hapten inhibition experiments were performed with p-azophenyl /3-chitobioside-BSA as the precipitating glycoconjugate. The concentration of sugar required for 50% inhibition as obtained from the inhibition curve for each sugar (Fig. 2) is listed in Table I .
Examination of the data in Table I reveals that for N-acetylated chitooligosaccharides which were reported to be good inhibitors in a preliminary communication (12) , there is a go-fold increase in inhibitory potency on going from GlcNAc to (G~cNAc)~, and a further 30-fold increase in inhibitory potency on going from (GIcNAc.)~ to (GIcNAc)~. A much more modest 3-fold increase in inhibitory potency was seen on going from (G~cNAc)~ to (GlcNAc),. This S-fold increase in inhibitory potency associated with addition of a GlcNAc group to (GlcNAc), was found to be comparable to that seen upon formation of the /3-methylglycoside of (G~cNAc)~. These results suggest that the carbohydrate binding site of UDA is complementary to an N,N',N"-triacetylchitotriose unit, and similar to that of the lectins from wheat germ (WGA) (16) and Dab-a strammium seeds (13) .
Reduction of N,N',N"-triacetylchitotriose to the corresponding alditol decreased its inhibitory power fivefold, making it similar in potency to that of the methylglycoside of the disaccharide. This result suggests that the open-chain alditol portion of the reduced trisaccharide does not bind to this lectin as well as the intact sugar residue. On the other hand, reduction of N,N',N",N"'-tetraacetylchitotetraose did not significantly change its affinity in comparison to the parent sugar, supporting the above conclusion regarding the size of the carbohydrate binding site.
Introduction of the p-nitrophenyl aglycon in the /3-anomeric configuration markedly enhanced the inhibitory power (20-fold) of N-acetyl-D-glucosamine as compared to the parent sugar. Similar enhancement was also observed with Nacetyllactosamine, but not with the noninhibitory disaccharide lactose, suggesting that this phenomenon is dependent upon the specific binding of sugars to the lectin. This enhancement in binding produced by the p-nitrophenyl aglycon decreased with an increase in the number of sugar residues; that is, the p-nitrophenylglycoside of the disaccharide was nine times more inhibitory than the parent sugar, whereas almost no increase in affinity was observed with the trisaccharide. Substitution of the acetyl groups in methyl N,N'-diacetyl-/3-chitobioside with propionyl or trifluoroacetyl groups decreased the inhibitory power six-to sevenfold, suggesting steric hindrance by the bulkier propionyl groups and possibly an unfavorable polar or electronic effect produced by the polar, highly electronegative trifluoroacetyl groups. Chitobiose itself was a very poor inhibitor, probably because of an unfavorable electrostatic interaction of its NH; groups with the lectin molecule. Interestingly, N-acetyllactosamine, Gal@l-4)GlcNAq which was reported to be a good inhibitor of the D. stramonium lectin (13) but not of WGA (17) or potato lectin (6), was a good inhibitor of UDA, being approximately one-half as potent as N,N'-diacetylchitobiose. On the other hand, both Gal(/31-4)Glc and Glc(fll-4)Glc, the glucose analogs of N-acetyllactosamine and N,N'-diacetylchitobiose, were not inhibitory. Surprisingly, the P-methyl glycoside of GlcNAc(pl-4)Glc was more than 20 times less inhibitory than the corresponding methyl P-glycoside of GlcNAc(pl-4)GlcNAc. These observations are discussed below in terms of the subsite specificity of this lectin.
Two trisaccharides, Gal(pl-4)GlcNAc-(fil-6)Man and Man(al-3)Man(@l-4)GlcNAc, both showed an inhibitory power similar to that of N,N'-diacetylchitobiose. These observations indicate that the ad-dition of a hexose unit to the reducing or nonreducing termini of a Gal(pl-4)GlcNAc or Man(pl-4)GlcNAc unit does not impair their binding to UDA. Synthetic oligosaccharides which have branched structures analogous to those of the complex-type carbohydrate chains of glycoproteins, and which were reported to have a much greater affinity to D. stramonium lectin as compared to N-acetyllactosamine (13), did not show an enhanced affinity for UDA. The extremely high affinity of the penta 2,6 biantennary pentasaccharide for the D. &ram&urn lectin (penta 2,6 was 500 times more inhibitory than N-acetyllactosamine) was interpreted as indicating the possible simultaneous binding of two Gal@-4)GlcNAc units of these oligosaccharides to the two binding sites of this lectin. The much lower affinity of the same oligosaccharides for UDA, suggests that these branched oligosaccharides cannot bind to UDA in a similar fashion.
Interestingly, the methyl ester of N-acetylneuraminic acid weakly inhibits the precipitation reaction with UDA to almost the same extent as N-acetylglucosamine. Among plant lectins, only WGA has been reported to show a similar inhibition by sialic acid derivatives (18, 19) . The precipitation of elder bark lectin (10) It is important to note that Eq.
[2] is a mathematical transformation which facilitates data analysis, and which for the purpose of convenient data analysis represents the equilibrium system as a mixture of independent macromolecular binding sites. If the binding sites on the macromolecule were truly independent, G1 and 4 It should be noted that Eq. [2] will not fit the data for a system which exhibits positive cooperativity and still yield real values for the parameters G,.
Gz would be numerically equivalent to the values of microscopic dissociation constants for the high-and low-affinity sites. It has been shown by Simms (21) 
Ultraviolet Diference Spectroscopic
Analysis of UDA-Ligand Interaction
Binding of chitooligosaccharides to UDA induced a uv difference spectrum with peaks at 292,285, and 275 nm (Fig. 4) , which suggests perturbation of tryptophanyl residues in UDA (22) . When p-nitrophenylglycosides of (GIcNAc)~ and (G~cNAc)~ were used as ligands, an additional nega- tive peak appeared with a broad maximum at 312 nm, indicating the perturbation of the p-nitrophenyl group in the ligand (23) .
The dependence of the change in absorbance (AA) associated with ligand binding on the total concentration of chitotetraose [SJ depicted in Fig. 5 and Table II Table II show that the apparent value of the equilibrium constant (K) for association as calculated from the relationship
varies with the ligand concentration regardless of whether we assume a value of 1 or 2 for n, the number of sugar binding sites in UDA. Similar results were obtained upon analysis of the spectrophotometric titrations for several other ligands, including N,N'-diacetylchitobiose and N,N',N"-triacetylchitotriose.
These observations are diagnostic of heterogeneity with respect to the binding sites, and are consistent with the finding of nonequivalent carbohydrate binding sites in our studies of the binding of [3H]N,N',N",N"'-tetraacetyIchitotetritol to UDA by equilibrium dialysis. Quantitative analysis of the dependencies of AA on ligand concentration in spectrophotometric titrations of UDA is complicated by the possibility that the molar absorptivity change for binding of ligand to one site of UDA is different from that for binding of ligand to the other site. In light of this problem, equilibrium dialysis appears preferable to spectrophotometric titration as a method for evaluation of equilibrium constants for formation of complexes between carbohydrate ligands and polyvalent lectins with nonequivalent binding sites. With regard to analysis of spectrophotometric titration data in Table II , it is interesting to note that a plot of [S&AA vs [S,] is linear (Fig. 6) and Man(cul-3)Man(bl-4)GlcNAc all exhibit comparable affinities for UDA as reflected by their similar inhibitory potencies (3 to 7 mM for 50% inhibition), whereas the disaccharide glycoside methyl /3-GlcNAc(/31-4)Glc interacts weakly with the lectin (23 mM for 50% inhibition). These data together with the observation that N,N',N"-triacetylchitotriose is a 30-fold more potent inhibitor of UDA than N,N'-diacetylchitobiose suggest that the lectin contains three subsites. These are designated A, B, and C in Fig. 7 (27, 28) and the potato (29) and D. stramonium lectins (13) .
Hapten inhibition with p-nitrophenyl glycosides suggests the presence of a nonpolar region adjacent to the carbohydrate binding site of UDA, similar to that observed for several other plant lectins (13, 25, 26) . The observation that the enhancement in affinity produced by the p-nitrophenyl aglycon was most pronounced for the monosaccharide, decreased in the disaccharide, and virtually disappeared in the trisaccharide suggests that this hydrophobic interacting site is localized near subsite B or between subsites B and C (see Fig. 7 ). However, the results of the uv difference spectroscopic studies suggest that the environment of the p-nitrophenyl group of bound trisaccharide as well as bound disaccharide and monosaccharide is perturbed, indicating that the lectin interacts with the aglycon of all three bound ligands (23) . The unequal effects of this interaction of the binding of these glycosides suggest the possibility that the nitrophenyl group in these ligands interacts with the lectin differently (perhaps with different apolar domains).
The binding modes of N-acetylneuraminic acid to UDA and WGA (l&19) may be similar in that they depend on the similarity in configuration of the C-5 (N-acetamido group) and the C-4 (hydroxyl group) positions of N-acetylneuraminic acid with N-acetyl-D-glucosamine at positions C-2 (N-acetamido group) and C-3 (hydroxyl group) of the pyranose ring [cf. Ref. (19) ].
In almost all cases, linear Scatchard plots suggesting the presence of equivalent, noninteracting binding sites have been obtained for the binding of carbohydrate ligands to plant lectins. Thus, the finding of marked curvature in the Scatchard plot for UDA (Fig. 3) was surprising. To our knowledge, there has been only one previous report of a curvilinear Scatchard plot for the binding of carbohydrate (lactose) to a plant lectin (ricin) (30) . Curvilinearity in a Scatchard plot is often interpreted as SHIBUYA ET AL.
being indicative of the existence of negative cooperativity between two binding sites, or the presence of two binding sites with intrinsically different affinities. The presence of two equivalent binding sites on a single polypeptide chain would be expected to require the existence of two similar structural domains. It will be interesting to determine whether the structure of UDA is consistent with this notion.
Although the biological significance of the accumulation of this unique lectin in a plant rhizome remains to be established, the carbohydrate binding specificity of UDA toward N-acetylated chitooligosaccharides and other oligosaccharides as revealed in this work, together with UDA's marked stability (it is stable at 8O"C, pH 4.0, and also in 0.1 N HCI) (12) , suggests that UDA will be useful as a tool for the detection, preparation, and isolation of cell surface glycoconjugates.
